1 2 5 5 a r t i c l e s BRCA2 protein has a key role in mediating homologous recombination and the repair of damaged chromosomes via homologous recombina tion 1 in humans. BRCA2 fulfills these biological roles by regulating the function of the RAD51 recombinase protein 2, 3 . Recently, a novel protein called PALB2 (partner and localizer of BRCA2) was found to associate with BRCA2 (ref. 4). Notably, BRCA1 and PALB2 mutations destabilize the genome 4-6 and engender cancer risk. Whereas mono allelic mutations predispose affected individuals to breast, pancreatic and other cancers 7, 8 , biallellic mutations cause Fanconi anemia subtypes D1 and N, respectively 9-11 . PALB2 stabilizes BRCA2 by pro moting its chromatin association. PALB2 also has an architectural function in linking BRCA2 with the BRCA1 tumor suppressor 12, 13 .
Association of purified PALB2 with RAD51
Because PALB2 affects RAD51mediated chromosome damage repair in cells 5 , we used an affinity pulldown assay to investigate whether PALB2 directly interacts with RAD51. For this, we incubated purified PALB2 and RAD51 together, and then captured the assembled protein complex via the GST tag on PALB2 using glutathione Sepharose beads, elution of proteins by SDS treatment and SDSPAGE analysis. We found that RAD51 associated with PALB2 (Fig. 3a, top left) . As we expected, RAD51 did not associate with purified GST (Fig. 3a, top left) . Notably, we observed no interaction of PALB2 with the budding yeast Saccharomyces cerevisiae Rad51 (ScRad51; Fig. 3a , top right), indicating that the PALB2-RAD51 complex is species specific. By testing purified GSTtagged fragments of PALB2 encompassing different portions of the protein (Fig. 1b,  top right) , we mapped the RAD51 interaction domain to residues 101-184 of PALB2 (Fig. 3a, bottom) . Again, we observed no inter action of the PALB2 1-184 fragment with ScRad51 (Fig. 3a, bottom) .
PALB2 and RAD51AP1 enhance RAD51 activity
We noted that the DNAbinding properties of PALB2 are reminiscent of RAD51AP1 (refs. 14,15) , which interacts with and enhances the ability of RAD51 to make D loops 14, 15 . Given this, and the fact that PALB2 associates with RAD51, we wanted to test whether PALB2, alone or in combination with RAD51AP1, would enhance the recom binase function of RAD51. We used a wellestablished Dloop assay (Fig. 3b, top) for this purpose. The addition of PALB2 alone to the Dloop reaction increased the level of product severalfold, from a barely detectable amount in the absence of PALB2 to ~5%-8% of Dloop product formed in the presence of PALB2 (Fig. 3b, a r t i c l e s and bottom, and Supplementary Fig. 2a ). The increase in Dloop formation stemmed from stimulation of the RAD51 recombinase activity by PALB2, as PALB2 alone was not capable of Dloop forma tion (Fig. 3b , middle and bottom). As we expected 14, 15 , RAD51AP1 alone enhanced the efficiency of the Dloop reaction (Fig. 3b , middle and bottom, and Supplementary Fig. 2b ). We then tested a wide range of reactant concentrations to investigate whether PALB2 and RAD51AP1 would synergize to promote D loop formation. Notably, at PALB2 and RAD51AP1 concentrations (200 and 50 nM, respectively) that each promote little Dloop formation by RAD51, we observed a synergy (Fig. 3b , middle and bottom). ATP was always required for Dloop formation, regardless of whether we used PALB2, RAD51AP1 or the combination of these two recombinase cofactors (Fig. 3b , mid dle and bottom, and data not shown). Notably, PALB2 and RAD51AP1 stimulate RAD51 specifically, as the enhancement of the Dloop reac tion was not catalyzed by ScRad51 by PALB2 or RAD51AP1 alone, or by the two factors in combination (Supplementary Fig. 3 ).
Interactions of PALB2 with RAD51AP1
Owing to the observed synergy between PALB2 and RAD51AP1 in the Dloop reaction (Fig. 3b) , we investigated whether these two homologous recombination factors physically interact. Through affinity pulldown using either the GST tag on PALB2 and glutathione resin, or the maltosebinding protein (MBP) tag on RAD51AP1 and amylose resin, we observed a direct inter action of PALB2 with RAD51AP1 (Fig. 3c) . The PALB2-RAD51AP1 complex is destabilized by KCl concentrations >100 mM (data not shown). To further map this interaction, we used an Nterminally truncated variant of RAD51AP1, NΔ120, which lacks the first 120 residues of the protein. Using MBP pulldown by amylose resin, we observed that MBPtagged RAD51AP1 NΔ120 does not pull down PALB2 (Supplementary Fig. 4a, top) . Notably, because the RAD51 interaction domain resides within the extreme C ter minus of RAD51AP1 (refs. 14,15), the RAD51AP1 NΔ120 vari ant can interact with RAD51 ( Supplementary Fig. 4a, bottom) .
Although RAD51AP1 NΔ120 enhances the RAD51mediated Dloop reaction, it did not synergize with PALB2 in this regard (Supplementary Fig. 4b) . Thus, the interaction between PALB2 and RAD51AP1 seems to be required for their functional synergy in enhancing the Dloop reaction.
To investigate the functional relationship between PALB2 and RAD51AP1 in vivo, we analyzed protein foci formation in HeLa and U2OS cells after DNAdamage treatment. Whereas mocktreated cells showed dispersed nuclear staining of RAD51AP1 and PALB2 but no substantial colocalization (Supplementary Fig. 5a,b,i,j) , exposure to ionizing radiation induced distinct PALB2 and RAD51AP1 foci in both HeLa (Supplementary Fig. 5e ,f) and U2OS cells ( Supplementary  Fig. 5m ,n) that frequently colocalized (Supplementary Fig. 5g ,o, for HeLa and U2OS cells respectively). We obtained similar results in U2OS cells with mitomycin C treatment (data not shown). Notably, we found that although PALB2deficient fibroblasts express RAD51AP1 a r t i c l e s protein (Fig. 4a) , they cannot assemble RAD51AP1 foci upon treat ment with mitomycin C (Fig. 4c, top) . As we expected, complementa tion of these cells with PALB2 restored the ability to form RAD51AP1 foci in response to mitomycin C (Fig. 4c, middle) , and short interfering RNA (siRNA) treatment against RAD51AP1 could diminish these foci (Fig. 4c, bottom) . These results indicate that PALB2, either directly or through an intermediary, such as RAD51, has a key role in the recruitment of RAD51AP1 to DNA damage.
In coimmunoprecipitation experiments using antibodies to PALB2 and to RAD51AP1, only a negligible amount of PALB2 and RAD51AP1 coprecipitated from cell extracts before and after treatment of cells with camptothecin (data not shown). Considering that the PALB2-RAD51 complex is saltsensitive, the failure to coimmunoprecipitate these pro teins could stem from the relatively high concentration of salt (120 mM) and extensive washing steps designed to reduce nonspecific protein binding to the antimouse or antirabbit IgG resin. Alternatively, or in addition, the antibodies used might have a destabilizing effect on any PALB2-RAD51AP1 complex present in the extracts.
PALB2-RAD51AP1 enhances synaptic complex assembly
In the RAD51mediated Dloop reaction, the presynaptic filament captures the duplex DNA partner, followed by a DNA homology search process that leads to the formation of a nucleoprotein inter mediate, the synaptic complex, in which the DNA molecules are homologously aligned and base switching has occurred 16, 17 .
We used two separate assay systems to verify whether PALB2 and RAD51AP1 promote the formation of the synaptic complex with the RAD51 presynaptic filament. First, we examined the duplex capture step (Fig. 5a, left) by mixing the RAD51 presynaptic filaments assem bled on ssDNA linked to magnetic beads with a radiolabeled duplex in the presence of PALB2, RAD51AP1 or both of these recombinase cofactors. As described previously, the RAD51 presynaptic filament alone only weakly engaged dsDNA 18 . PALB2 alone enhanced the abil ity of the presynaptic filament to capture duplex DNA (Fig. 5a, right) . RAD51AP1 also worked with the RAD51 presynaptic filament in duplex capture (Fig. 5a, right) . Next, we tested PALB2 and RAD51AP1 together to see if they would act synergistically in the duplex capture reaction. We examined many reactant concentrations. As in the Dloop reaction, at certain PALB2 and RAD51AP1 concentrations, these two factors synergized in duplex capture in a manner that required the RAD51 presynaptic filament and ATP (Fig. 5a, right) . As we expected, no dsDNA capture occurred when magnetic beads without ssDNA were first incubated with RAD51, PALB2 and RAD51AP1 and then with the radiolabeled dsDNA (Supplementary Fig. 6a) . Notably, the combination of PALB2, RAD51AP1 and the RAD51 presynaptic fila ment did not capture ssDNA (Supplementary Fig. 6b) .
We next used protection of linear dsDNA against digestion by the restriction enzyme SspI (Fig. 5b, left) to directly examine synaptic complex formation 19 . Our results from testing many reactant concentrations pro vide evidence for an enhancement of RAD51dependent synaptic complex formation by PALB2 and RAD51AP1 individually, and for cooperative action of these recombinase cofactors (Fig. 5b, right) . Again, the reac tion mediated by PALB2 and RAD51AP1 in conjunction with the RAD51 presynaptic filament strictly depended on ATP (Fig. 5b, right) .
DISCUSSION
In cells, ssDNA arising from the nucleolytic processing of double strand breaks and other chromosomal lesions is first bound by replication protein A (RPA). The use of the RPAbound ssDNA as substrate for homologous recombination necessitates RPA's replace ment by RAD51, which is promoted by the BRCA2 protein 1, 20 . This attribute of BRCA2 qualifies it as a recombination mediator 1 . The proper localization of BRCA2 and the targeting of BRCA2 to dam aged chromosomes depend on PALB2 (ref. 5). Thus, in PALB2 deficient cells, as in BRCA2deficient cells 21 , the assembly of DNA damageinduced RAD51 foci is impaired 5 . Owing to these properties of PALB2, it has been generally assumed that its primary function is to promote the delivery of RAD51 to DNA lesions via BRCA2 (ref . 5; Supplementary Fig. 7a) a r t i c l e s analyses to test the hypothesis that PALB2 functions with RAD51 after presynaptic filament assembly. The results provide evidence for the ability of PALB2 to synergize with the RAD51AP1 protein in pro moting of Dloop formation by RAD51 (Supplementary Fig. 7a,b) . In addition to facilitating the assembly of the synaptic complex, given the affinity of PALB2 (R. Buisson, A.M. DionCôté, H. Launay, H. Cai, Y. Coulombe, A.Z. Stasiak et al., personal communication, and this work) and RAD51AP1 (ref. 14) for the Dloop structure, they could also stabilize the nascent D loop made by RAD51. Because RAD51AP1 has little or no role in the assembly of DNA damage induced RAD51 foci in cells 14, 15 , its function in homologous recom bination is probably limited to the DNA strand invasion stage of the homologous recombination reaction.
Like BRCA2, PALB2 is indispensable for genome maintenance and cancer suppression in humans 7, 9, 10, 22, 23 . Our results showing that PALB2 can stimulate the RAD51mediated Dloop reaction indicate that this tumor suppressor has a multifaceted role in DNA homology directed chromosome damage repair; these results shed light on the tumor suppressor attribute of this recombinase accessory factor.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/nsmb/.
Note: Supplementary information is available on the Nature Structural & Molecular Biology website.
